Introduction {#sec1}
============

Esculetin is a coumarin derivative of natural origin which occurs in numerous medicinal plants such as *Aescullus hippocastanum* (Sapindaceae), *Artemisia capillaris* (Asteraceae), *Calendulla officinalis* (Asteraceae), and *Viburnum opulus* (Adoxaceae). These herbs have long been used in the treatment of pain, inflammation, and edemas in herbal medicine. Esculetin itself possesses antioxidant \[[@cit0001]\], anti-inflammatory \[[@cit0002]\] and antinociceptive \[[@cit0003]\] properties, among others, which are related to its inhibitory actions towards 5-LOX \[[@cit0004]\], 15-LOX \[[@cit0005]\] and matrix metalloproteinases (MMPs) \[[@cit0006]\]. Due to its pharmacological properties esculetin may be considered as an attractive drug candidate for the treatment of rheumatoid arthritis.

In our previous study, we identified antinociceptive properties of esculetin in a non-inflammatory and acute inflammatory model of pain in rats \[[@cit0003]\]. The aim of this study was to determine whether esculetin may be useful in the treatment of adjuvant-induced arthritis in rats. Possible ways in which esculetin may modulate the course of the disease include inhibition of lipoxygenases, inhibition of neutrophil migration and activation, prevention of apoptosis and antioxidant action.

Material and methods {#sec2}
====================

**Animals:** The study was conducted on male LEWIS rats (LEW/cmd), weighing 200--300 g. Animals were housed in a room maintained at 20 ±2°C under a 12 h light--dark cycle and had free access to food and water. The Second Ethical Committee for Experiments on Small Animals, Medical University of Warsaw, agreed to the tests being performed and accepted the experimental protocol.

**The adjuvant-induced arthritis model (AIA)** was induced in rats by subplantar injection of 100 µl of Complete Freud Adjuvant into the left hind paw. Over the next days, inflammation involves more joints, and after 21 days it can be regarded as chronic ([Fig. 1](#f0001){ref-type="fig"}) \[[@cit0007]\]. The test compound was administered to the animals once a day for five successive days starting on the 21^st^ day. On the 25^th^ day after the induction of inflammation, 1.5 h after treatment, animals were anesthetized.

![Swelling of the ankle joints in rats with adjuvant-induced inflammation. A) Control group; B) Group treated with esculetin (10 mg/kg ip.).](RU-54-28366-g001){#f0001}

**Drugs:** Esculetin (ESC) and indomethacin were purchased from Sigma-Aldrich. The compound was dissolved in a 1% solution of methylcellulose and administered intraperitoneally (ip.) at a dose of 10 mg/kg. The control group and group without inflammation received a 1% solution of methylcellulose ip. Rats were anesthetized with ketamine (87 mg/kg ip.) and xylazine (14 mg/kg ip.) (Biowet Puławy). Blood from the heart was collected into heparinized probes (BD cat no. 367526). To prevent *ex vivo* formation of eicosanoids, indomethacin (10 µM) was added immediately after blood collection. Plasma probes were separated and stored at --80°C for further LTB4 level measurement.

**Leukotriene B4 (LTB4) immunoassay:** LTB-4 level was measured in rat plasma samples. Before the assay, samples were purified from proteins by precipitation with ethanol. After centrifugation (3000x g, 10 min) the supernatant was moved to a clean glass tube and evaporated. Next, samples were resuspended with an ELISA Buffer kit. Each sample was measured in two dilutions in duplicate. The measurement was performed with a Cayman Chemical LTB4 EIA Kit (item no. 520111), which is based on competitive binding of free LTB4 in the sample and tracer (titrated LTB4 labeled with acetylcholinesterase) to specific anti-LTB4 antiserum. Complexes bind to monoclonal antibodies attached to the test well. The reaction between acetylcholinesterase-LTB4 complexes labeled with monoclonal antibodies on the test well and Ellman's reagent produces 5-thio-2-nitrobenzoic acid, which has strong absorbance. Absorbance at 405 nm wavelength was measured with a Labtech 4000 LS microplate reader and is inversely proportional to the amount of LTB4 in the sample.

**Data analysis:** Analysis of differences of mean ranks between groups was performed with a one-tailed Mann--Whitney U-test. The significance of all tests was set at *p* \< 0.05. All statistical analyses were performed using Statistica v.12 (StatSoft, Kraków, Poland).

Results {#sec3}
=======

Each sample was assayed in duplicate, and the ratio of the absorbance to that of the maximum binding (B/B~0~) was calculated for each sample and was within the expected range (20% \< x \< 80%). Linear regression was used to determine the equation and identify concentrations corresponding to each measurement. The concentration of LTB4 in plasma of rats with adjuvant-induced arthritis was calculated as the average of two different dilutions (1 : 1 and 1 : 2) from each sample of blood -- the difference between dilutions did not exceed 10%. Due to the small number of animals in groups, non-parametric tests were used for statistical analysis. LTB4 level in plasma of rats with AIA was 33% higher than in rats without inflammation (Mann-Whitney U-test; U = 0.00; Z = --3.066608; *p* = 0.002165). In the group of rats treated for 5 days with esculetin (10 mg/kg ip.) the level of LTB4 in plasma was lower than in the control group with AIA (Mann-Whitney U-test; U = 0.00; Z = 3.066608; *p* = 0.002165) and was equal to the control group without inflammation (Mann-Whitney U-test; U = 18.00; Z = 0.766652; *p* = 0.443289). Detailed data are presented in [Table I](#t0001){ref-type="table"}.

###### 

Level of LTB4 \[pg/ml\] in plasma of rats. Parameters were evaluated in the plasma of rats collected 90 min after treatment with the last dose of esculetin or methylcellulose

  Group           *N*   Me       Q1       Q3       D2(X)   Min.     Max.     m        SD      P1      P2
  --------------- ----- -------- -------- -------- ------- -------- -------- -------- ------- ------- -------
  Control         7     272.90   260.69   278.07   235     252.41   300.81   272.91   15.34   X       0.002
  AIA-Control     7     361.76   349.34   402.98   1185    335.27   432.18   374.96   34.42   0.002   X
  AIA-Esculetin   7     274.41   266.21   306.17   547     263.51   326.41   284.24   23.40   0.443   0.002

Control -- group without inflammation; AIA-Control -- control group with adjuvant-induced inflammation; AIA-Esculetin -- group with adjuvant-induced inflammation treated with esculetin (10 mg/kg ip.); N -- number of cases; Me -- median; Q1 -- quartile 1; Q3 -- quartile 3; D2(X) -- variance; Min. -- minimum; Max. -- maximum; m -- average; SD -- standard deviation; P1 -- p-value in comparison to control group; P2 -- p-value in comparison to control group with adjuvant-induced inflammation.

Discussion {#sec4}
==========

In this study, we demonstrated that esculetin reduces the LTB4 level in blood of rats with AIA. So far, not many studies have evaluated esculetin as a possible treatment for RA. In the course of RA proinflammatory cytokines such as TNF-α, IL-1β and IFN-γ induce apoptosis of chondrocytes, which weakens the cartilage significantly, contributing to the joint damage. The aim of treatment in RA is to inhibit tissue destruction. Several studies have shown that esculetin can act on chondrocytes to inhibit the secretion of metalloproteinases. However, it is not known if it affects the survival of these cells \[[@cit0008], [@cit0009]\]. Yamada et al. \[[@cit0006]\] found that esculetin inhibits matrix degradation in rabbit joint cartilage explants through the suppression of MMP synthesis, secretion, or activity. Possible mechanisms of this were described by Watanabe et al. \[[@cit0008]\], who found that esculetin could inhibit pro-matrix metalloproteinase-1/interstitial pro-collagenase and pro-matrix metalloproteinase-3/prostromelysin 1. Also Elliot et al. \[[@cit0009]\] noted that esculetin is an effective inhibitor of cartilage resorption. It was shown that this compound potently reduces proteoglycan and collagen loss and collagenolytic activity in resorbing cartilage. It has been demonstrated that these effects are related to reduced expression of matrix metalloproteinases: MMP-1, MMP-3, and MMP-13 \[[@cit0009]\]. Because esculetin in addition to a decrease in MMP expression also has other mechanisms of action, these may not be the only mechanisms involved in the beneficial effects of esculetin.

Another pathological process involved in RA pathogenesis that may be modulated by esculetin is infiltration of neutrophils into the joints. Neutrophil mobilization accompanies active stages of RA and is an important factor damaging joints. Activated neutrophils are a source of free radicals and promote synthesis of matrix metalloproteinases that destroy joint tissue \[[@cit0010]--[@cit0012]\]. It seems that lipoxygenases are crucial enzymes involved in neutrophil migration. Different strategies to reduce neutrophil migration and chemotaxis were shown to be effective. It was observed that in 5-LOX knockout mice neutrophil migration induced by zymosan injection was reduced \[[@cit0013]\]. A similar effect was observed with the lipoxygenase inhibitor MK886 and the leukotriene B4 receptor (BLT1) blocker CP105696 \[[@cit0013]\]. MK886 reduced neutrophil migration into the knee joint of mice with antigen-induced arthritis \[[@cit0014]\]. Esculetin is a potent inhibitor of lipoxygenases involved in the synthesis of LTB4, which is a powerful chemotactic agent influencing neutrophil migration into the joint \[[@cit0015]\]. So far, esculetin has not been tested in animal models of arthritis, but studies with this compound in other models have shown that it possesses antioxidant activity \[[@cit0001]\], and it reduces neutrophil infiltration in animal models of inflammation \[[@cit0016]\].

Because esculetin reduces the LTB4 level in the blood, it may possibly modulate neutrophil migration in arthritis, but further research is needed to address this issue. It was shown that the level of LTB4 in the serum of patients with active RA is increased and correlates with disease severity \[[@cit0017], [@cit0018]\]. Critical involvement of LTB4 in arthritis induction and severity was confirmed in studies with a mouse K/BxN serum transfer model of arthritis \[[@cit0019]\]. It was also observed that 5-LOX inhibitors weaken TNF-α-induced inflammation in human synovial fibroblasts \[[@cit0020]\]. Some 5-LOX inhibitors have already been tested in preclinical and clinical studies, with promising results. The selective 5-LOX inhibitor zileuton inhibited LTB4 production by 70% in patients with RA in a randomized double blind placebo-controlled study \[[@cit0021]\]. The lipoxygenase inhibitor PF-4191834 developed by Pfizer was able to reduce pain and inflammation in an adjuvant-induced arthritis model in rats \[[@cit0022]\].

Conclusion {#sec5}
==========

Our observations confirm that esculetin may effectively modulate the LTB4 level in adjuvant-induced arthritis in rats and may be considered as an attractive drug candidate for patients with rheumatoid arthritis.
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